Objectives-Although power Doppler imaging has been used to quantify tissue and organ vascularity, many studies showed that limitations in defining adequate ultrasound machine settings and attenuation make such measurements complex to be achieved. However, most of these studies were conducted by using the output of proprietary software, such as Virtual Organ computer-aided analysis (GE Healthcare, Kretz, Zipf, Austria); therefore, many conclusions may not be generalizable because of unknown settings and parameters used by the software. To overcome this limitation, our goal was to evaluate the impact of the flow velocity, pulse repetition frequency (PRF), and wall motion filter (WMF) on power Doppler image quantification using beam-formed ultrasonic radiofrequency data.
arteries, 3 and screening of aneuploidies, preeclampsia, and fetal growth restriction by Doppler analysis. 4, 5 Ultrasound-based techniques can assess vascularization by detecting blood flow and velocity in vessels and capillaries. Due to the limited spatial resolution and low signal-to-noise ratio, in general, it is particularly difficult to measure blood flow velocities in capillaries. 6 Limitations in defining adequate ultrasound machine settings and acoustic tissue attenuation can further make such measurements complex to achieve, even in larger vessels. [6] [7] [8] [9] Power Doppler ultrasound imaging was developed to improve the sensitivity for detecting small blood vessels, 10 and because of this ability, it has been commonly used to quantify vascularity and to generate angiogenesis imaging. The use of 3-dimensional (3D) power Doppler images raised the attention of many research groups and clinicians worldwide to the possibility of quantifying the vascularity within a whole organ or tissue with precision. [11] [12] [13] [14] Virtual Organ computer-aided analysis (VOCAL; GE Healthcare, Kretz, Zipf, Austria) indices are frequently used to quantify vascularization in both research and clinical practice: the vascularization index is the proportion of color voxels over noncolor voxels; the flow index is the average color intensity of the voxels within a sample; and the vascularization-flow index is the product of the vascularization index and flow index. 15 However, the applicability of the 3D power Doppler technique is limited because the quantification of these indices is highly dependent on attenuation, 8 machine settings, such as the pulse repetition frequency (PRF) and gain, 9, 16 sample size, 17 and signal-processing parameters such as the wall motion filter (WMF) cutoff frequency. 6, 9, 18 Commonly, the dependence of power Doppler quantification (ie, vascularization index, flow index, and vascularization-flow index) on those parameters has been determined by the output of proprietary software, such as VOCAL. 8, 9, 19 Although these studies are essential to guide clinicians and sonographers to a more appropriate practice in terms of collecting and analyzing 3D power Doppler images, some of the conclusions may not be generalizable because of unknown (ie, private) settings and parameters used by the software.
Pinter and Lacefield 6 evaluated the impact of different WMF cutoff frequencies for a fixed PRF of 2 kHz to estimate the color pixel density using power Doppler images in flow phantom experiments. In the study, 6 the authors used high-frequency ultrasound transducers (30 and 40 MHz), which are mainly used for small animals. They evaluated flow velocities up to 4 mm/s and vessels with up to 0.36 mm in diameter, simulating the microvasculature environment. Although they presented interesting results, they cannot be directly translated to what is observed in clinical practice because of differences in transducer frequencies, WMF cutoff frequencies, and parameters evaluated. In a study by Raine-Fanning et al, 9 the effects of varying the WMF and PRF in a clinically relevant scenario on the VOCAL indices were addressed. However, they could not study those settings independently because of technical limitations. In another study by the same group, 8 they verified the influence of the flow rate, which is related to the flow velocity, on the VOCAL indices; however, their analysis was limited to only a single WMF and PRF. In addition, the output of the VOCAL software is sometimes not straightforward to interpret because of unknown settings used by the software. 19, 20 Therefore, to better understand how these different parameters and environments influence power Doppler quantification, more studies using raw data should be developed.
A few studies showed that 3D power Doppler quantification is critically influenced by the PRF. 9, 19 In a recent minireview, we observed that most of the clinical studies that used 3D power Doppler imaging as a vascular assessment tool used inadequate PRF values. 20 In general, however, the impact of the PRF on vascularization assessment has been poorly explored. Zemp and Insana 21 theoretically evaluated the performance of power Doppler imaging performed at different PRF values to detect flow with different velocities; they verified that the power Doppler performance was dependent on the PRF and flow velocity. Therefore, to better understand the impact of the PRF and WMF on vascularity assessment, for different flow velocities, we performed a controlled flow phantom experiment and quantified the power Doppler signal using beam formed ultrasonic radiofrequency (RF) data.
Materials and Methods

Phantom Production
A tissue-mimicking phantom was produced by using a solution composed of 6% gelatin, 3% agar, 0.4% glass microspheres, and 0.3% formaldehyde. The concentrations are all given in mass percentages. The glass microspheres and formaldehyde were added to scatter the ultrasonic waves and increase the phantom's elasticity and melting point, respectively. The method to produce the phantom material has been described previously. 7 The final solution was poured at 36 8C into an acrylic container containing a silicone tube used to mimic a blood vessel with an external diameter of 3.33 6 0.05 mm and an internal diameter of 1.80 6 0.05 mm, which rested in a refrigerator for 24 hours to consolidate the gel. The silicone tube was positioned inside, on the upper part of the phantom, at an angle of 55 8 relative to the ultrasound transducer.
Data Acquisition
The experimental setup ( Figure 1 ) consisted of a bloodmimicking fluid (046; CIRS, Inc, Norfolk, VA) flowing at a constant velocity through the tube. To obtain the flow, container 1 was filled with liquid and positioned above the phantom; both recipients were connected to the mimicking vessel. An electric pump (CDP 8800; Aquatec Water Systems, Inc, Irvine, CA) was used to return the liquid from container 2 to container 1.
To measure the influence of the WMF, PRF, and flow velocity on power Doppler signal quantification, RF signals were acquired for offline processing with an ultrasound scanner (RP Sonix; Ultrasonix Medical Corporation; Richmond, British Columbia, Canada) equipped with an L14-5/38 linear transducer operating at 5 MHz. This ultrasound machine is equipped with a research platform that allows the user to access raw RF data at different stages of signal processing. These data can be assessed by developing a customized platform or via standard clinical imaging software. 22 In this study, ultrasonic beam-formed RF data were acquired by the clinical imaging software in the color Doppler mode. In this mode, the machine acquired the RF data by using the traditional sequence of pulses for Doppler image formation. In postprocessing, the data were subjected to scan conversion, power Doppler processing (described in the next section), and log compression. The signals were collected by 5 different PRF values, ranging from 0.6 to 10 kHz, for 5 different flow velocities, between 5 and 40 cm/s, resulting in a total of 25 data sets. The flow velocity was adjusted by changing the height of container 1. The velocity range was chosen on the basis of what is observed in human vessels. A total of 20 frames were acquired for each configuration used.
Before the RF signals were acquired, real-time color and power Doppler images were carefully analyzed at each flow velocity to ensure that the flow was steady without any turbulence. Pulsed Doppler measurements were used to confirm that we were working at the desired flow velocity and also further ensured that the flow was steady.
Data Analysis
The RF data were processed offline in MATLAB (The MathWorks, Natick, MA), and the amplitude of the power Doppler signal (PD) was calculated according to the following equation:
where I is the in-phase component, and Q is the quadrature component of the signals obtained after demodulation of the RF data, and N is the ensemble size. In this case, N 5 8 was used for all experiments. Before calculating the integrated power using Equation 1, the IQ signals were filtered (WMF) by applying high-pass secondorder Butterworth 0-phase filtering by processing the input data in both the forward and reverse directions Figure 1 . Depiction of the experimental setup. Ultrasonic RF data were acquired while the blood-mimicking fluid was flowing from container 1, through the tube inside the phantom, to container 2. An electric pump was used to return the liquid to container 1. The flow velocity was controlled by adjusting the height of container 1.
(the filtfilt MATLAB function was used). For the postprocessing, 5 WMF cutoff frequencies varying between 50 and 250 Hz, which are values commonly used in clinical settings, were used. These are the frequencies at which the magnitude of the signal was reduced by 3 dB compared to the passband. For each set of 25 data sets acquired, the power Doppler images were generated by using the 5 different WMF cutoff frequencies. Therefore, different power Doppler images generated from 125 possible combinations of WMF, PRF, and flow velocity were obtained. For each of these images, a region of interest with dimensions of 6 3 0.2 mm within the blood flow was selected to estimate the average power Doppler values, as shown in Figure 2 .
Results
A total of 20 power Doppler images were obtained for each configuration used. All images showed good quality and none were discarded. Figure 3 shows power Doppler images for a flow velocity of approximately 20 cm/s using PRF values of 0.6 and 6.7 kHz. To process these data, WMFs of 50, 100, and 200 Hz were used. All images clearly identified the region of the flow. These images also show that higher WMF cutoff frequencies contribute more substantially to reducing the power Doppler signal amplitude inside and outside the flow. We could observe a more pronounced variation in the power Doppler signal by increasing the WMF for the PRF of 0.6 kHz. Table 1 shows the mean power Doppler values, estimated for a region of interest inside the flow, for all flow velocities, PRFs, and WMFs used.
Discussion
Power Doppler images obtained for a PRF of 0.6 kHz in the filtering band between 50 and 200 Hz showed more variation in the power Doppler values than those obtained for a PRF of 6.7 kHz (Figure 3 ). In the case of the PRF of 0.6 kHz, the Nyquist frequency (300 Hz) is below the hypothetical Doppler shift, which would be around 750 Hz, for a constant flow of 20 cm/s and an angle of 55 8. Therefore, the frequency content of the IQ data is being aliased (creation of artificial low-frequency components); consequently, the received signal does not reflect the actual flow velocity. Power Doppler images have been referred to as aliasing free because the power of the signal is calculated by integrating the entire frequency range of the IQ data and, therefore, is independent of the velocity. 10 However, the WMF is velocity dependent, and in the case of aliased IQ data, the final power Doppler images, generated by using different PRFs, can be dramatically altered (Figure 3) . On the other hand, for a PRF of 6.7 kHz, the Nyquist frequency is higher than the Doppler shift; therefore, no aliasing was observed in the power Doppler images (Figure 3) .
The results in Table 1 show that the magnitude of the power Doppler signal in the flow was similar for all PRFs when a low WMF cutoff frequency (<150 Hz) was used. However, for WMFs of 150, 200, and 250 Hz, the magnitude of the power Doppler signal was dramatically lower at a PRF of 0.6 kHz for velocities higher than 20 cm/s; thus, the higher the WMF cutoff frequency, the more dependent on flow velocity the power Doppler signal intensity becomes.
The power Doppler signal has also been demonstrated to be lower when using higher WMF cutoff frequencies. 6, 9, 19 As an attempt to optimize tissue vascularity assessment, Pinter and Lacefield 6 verified that increments in the WMF cutoff frequency decreased the color pixel density parameter because more pixels had a power Doppler magnitude lower than a minimum value to be displayed. In another study, 9 the authors showed that increasing the WMF for a fixed PRF was associated with a reduction in the VOCAL indices. Differently from these studies, here we measured the intensity level variations, in decibels, because of different WMF cutoff frequencies using a range of PRFs and flow velocities commonly evaluated in clinical practice. Table 1 demonstrates that the power Doppler signal intensity within the flow is dependent on the PRF used. This dependence is also different for each flow velocity. Since the ensemble size was the same in all cases, the total sampling time was different for each PRF value. Thus, for lower velocities and higher PRF values, eventually the sampled IQ data can have only a fraction of a period, therefore losing information related to the signal. For example, for velocities of 6 and 10 cm/s and a WMF of less than 150 Hz, the mean intensity decreased for higher PRF values. On the other hand, for higher velocities (>20 cm/s), the sampling time was sufficient to appropriately acquire the data independent of the PRF used. For example, the Doppler shift observed for flow of 20 cm/s was 750 Hz (period of 1.3 milliseconds), and for PRFs of 6.7 and 10 kHz, the sampling time for each channel was 1.2 and 0.8 milliseconds, respectively. Therefore, for higher flow velocities and WMFs of less than 150 Hz, the mean power Doppler values were very similar for all tested PRF values.
Raine-Fenning et al 8 observed an increase in VOCAL indices for higher flow velocities using a WMF of 141 Hz and a PRF of 2.4 kHz. This observation was in accordance with our results (Table 1) , even though it should be highlighted that the range of velocities used in their study was different from what we used here. They evaluated flow rates between 2.5 and 18 mL/s, which, based on the vessel diameter used (4 mm), results in flow velocities between 23 and 143 cm/s. We demonstrated that higher flow velocities tend to present higher power Doppler values; however, this dependence is different for each PRF or WMF used. We verified an increment in the power Doppler intensity level between 0 and 12 dB by increasing the flow velocity from 6 to 40 cm/s, depending on the WMF-PRF combination evaluated. The results in Table 1 also suggest that the power Doppler signal would be further decreased or increased for lower and higher flow velocities, respectively, especially at higher PRF and WMF values. Interestingly, these findings are in accordance with the observation that the variations in the vascularization-flow index during a cardiac cycle resemble the spectral pattern obtained by pulsed Doppler imaging of the same flow (ie, higher power Doppler values are associated with higher velocities). 7 Raine-Fenning et al 9 also observed a reduction trend in the VOCAL indices by altering the PRF; however, they acknowledged that for every increment in the PRF, the ultrasound machine automatically increased the WMF. Again, the decrease in the VOCAL indices was associated with the increments in the WMF. In a recent study, 20 we verified that for a flow velocity of 30 cm/s, the vascularization-flow index decreased by greater than 50% when increasing the PRF from 3 to 7.5 kHz. Our results show that for the same flow velocity of 30 cm/s and PRFs between 3.3 and 10 kHz, the power Doppler magnitude did not depend on the PRF for a particular WMF. Therefore, we believe that the variations for this PRF range 20 were associated with the automatic adjustments in the WMF by the ultrasound machine when the PRF was altered.
In this study, we evaluated how the WMF, PRF, and flow velocity influence the power Doppler signal magnitude for a single vessel and constant flow. In tissue, the structure of the vascular tree is more complex, meaning that different angles between the flow and the ultrasonic beam will considerably change the apparent Doppler velocity. Also, the flow is pulsatile, which further increases the complexity of the flow profile being analyzed. These factors are also sources of clutter, which can influence the power Doppler signal. Although this experiment had these limitations, the evaluated parameters (machine settings and flow velocities) are equivalent to those observed in clinical practice, which make them valuable for aiding the interpretation of related data in future research.
To conclude, we have shown that the WMF deeply influences the power Doppler magnitude, and the impact is different for each PRF value. The power Doppler images obtained by using lower PRF values are more susceptible to the aliasing effect. We also observed a dependence of power Doppler values on PRF settings for flow velocities lower than 20 cm/s.
